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All flavivirus genomes contain a 3�terminal stem-loop secondary structure (3�SL) formed by the most
downstream �100 nucleotides (nt) of the viral RNA. The 3�SL is required for virus replication and has been
shown to bind both virus-coded and cellular proteins. Results of the present study using an infectious DNA for
WN virus strain 956 initially demonstrated that the dengue virus serotype 2 (DEN2) 3�SL nucleotide sequence
could not substitute for that of the WN 3�SL to support WN genome replication. To determine what WN
virus-specific 3�SL nucleotide sequences were required for WN virus replication, WN virus 3�SL nucleotide
sequences were selectively deleted and replaced by analogous segments of the DEN2 3�SL nucleotide sequence
such that the overall 3�SL secondary structure was not disrupted. Top and bottom portions of the WN virus
3�SL were defined according to previous studies (J. L. Blackwell and M. A. Brinton, J. Virol. 71:6433–6444,
1997; L. Zeng, L., B. Falgout, and L. Markoff, J. Virol. 72:7510–7522, 1998). A bulge in the top portion of the
long stem of the WN 3�SL was essential for replication of mutant WN RNAs, and replication-defective RNAs
failed to produce negative strands in transfected cells. Introduction of a second bulge into the bottom portion
of the long stem of the wild-type WN 3�SL markedly enhanced the replication competence of WN virus in
mosquito cells but had no effect on replication in mammalian cells. This second bulge was identified as a host
cell-specific enhancer of flavivirus replication. Results suggested that bulges and their topological location
within the long stem of the 3�SL are primary determinants of replication competence for flavivirus genomes.

The flavivirus West Nile (WN) virus historically circulated
only in the Middle East, Far East, Africa, and southern Eu-
rope. The primary life cycle requires birds or horses and local
arthropod vectors. In humans, WN virus typically causes a
severe fever-arthralgia-rash syndrome but also has a propen-
sity to invade the CNS and cause meningoencephalitis or en-
cephalitis, especially in the elderly (2, 32). In the summer of
1999, WN virus infections of birds and humans were detected
in New York City, indicating the presence of this pathogen on
the American continent for the first time (8, 22). Since 1999,
disease has recurred annually in the United States, reaching
epidemic proportions in focal areas of the Eastern and mid-
western states during 2002 (7). WN virus continues to pose a
serious threat to public health, since the vector species are
present throughout the North American continent and since
there is no vaccine available.

Flavivirus positive-strand genome RNA is about 10.5 kb in
total length and contains a single long open reading frame
(ORF), encoding three major viral structural proteins and at
least seven nonstructural (NS) proteins. The ORF is flanked by
a 5� noncoding region (NCR) which is about 100 nucleotides
(nt) in length and by a 3�-NCR which is 400 to 800 nt in length
(24). The 3�-terminal �100 nt of the 3�-NCR forms two adja-
cent small and large stem-loop structures, here referred to
collectively as the 3�SL (5, 12, 15, 26, 27, 31, 39). This second-
ary structure is conserved among all flavivirus genomes. The
3�SL is essential for virus replication (26, 42) and has specific

affinity for host cellular proteins (3, 4, 11, 16, 36) and viral NS
proteins of the replication complex (10), including NS5 (37),
the viral RNA-dependent RNA polymerase.

In the present study, we modified a WN infectious DNA
such that all or segments of the wild-type (wt) WN 3�SL nu-
cleotide sequence were replaced by analogous dengue virus
serotype 2 (DEN2) 3�SL nucleotide sequences. In addition,
relevant point mutations were created in the nucleotide se-
quence of the WN 3�SL. wt and mutant WN RNAs derived by
in vitro transcription were transfected into BHK and Vero cells
to determine the replication phenotypes of resultant WN vi-
ruses. A mutant WN virus RNA containing a substitution of
the WN 3�SL nucleotide sequence by the DEN2 3�SL nucleo-
tide sequence failed to initiate negative-strand RNA synthesis
in transfected cells. Further analysis of the replication pheno-
types of 3�SL mutant WN virus RNAs revealed that a bulge
within the top portion of the long stem in the WN virus 3�SL
was essential for WN virus replication. In addition, the intro-
duction of a second bulge into the lower part of the long stem
of the WN virus 3�SL was an enhancer of replication of WN
virus in cultured mosquito cells but had no significant effect on
virus replication in monkey kidney cells. The results of an
earlier study of the DEN2 3�SL (42) and those of the present
study of the WN virus 3�SL taken together were consistent with
the unifying hypothesis that bulges and their specific locations
in the long stems of both the DEN2 and WN virus 3�SLs are
critical determinants of RNA replication competence at the
level of initiation of translation and/or negative-strand RNA
synthesis. Most likely, bulges are critical sites for binding of
viral and cellular proteins to form the flavivirus replication
complex.
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MATERIALS AND METHODS

Generation of WN virus DNAs containing mutations in the 3�SL. The con-
struction of the pBR322 recombinant plasmid DNA, pSP6WN/Xba, was re-
ported previously (41). This DNA contained a full-length infectious DNA copy
of a WN virus genome (strain 956). In addition, it contained an SP6 RNA
polymerase promoter element upstream from the 5� terminus of WN virus DNA,
a unique BclI restriction endonuclease site at WN virus nt 9833, and a unique
XbaI site at the 3� terminus of the WN virus genomic DNA (WN virus nt 10963
[GenBank M12294]).

Most mutations of the nucleotide sequence comprising the 3�SL in the WN
virus genome (e.g., WN/D2-SL, WNmutC1, WNmutA1, WNmutC2, WNmutA2,
WNmutE, and WNmutF1) were created by cloning PCR fragments containing
the desired mutation into wt WN virus infectious DNA. A sense primer, con-
taining the BclI restriction site at nt 9833 (BclI primer; ACCATTTCACGGAA
CTGATCATG ), and an antisense primer, containing the nucleotide sequences
of the mutant 3�SLs plus the 3� terminal XbaI restriction site, were first used to
generate 1.1-kb PCR products, with pSP6WN/Xba DNA used as a template.
PCRs were catalyzed by Expand Long Template DNA polymerase (Roche,
Indianapolis, Ind.). The mutant PCR products were digested with BclI and XbaI
and then inserted by standard cloning procedures with T4 DNA ligase (New
England BioLabs, Beverly, Mass.) into pSP6WN/Xba DNA which had been
linearized by digestion with BclI and XbaI. To verify the presence of desired
mutations in the context of the mutant recombinant plasmid DNAs used to
generate infectious RNA, all PCR-amplified regions were analyzed by restriction
endonuclease digestion and also sequenced with the Big Dye Terminator kit and
an ABI model 377 DNA sequencer (Applied Biosystems, Foster City, Calif.).
WN virus recombinant plasmid DNAs containing 3�SL mutations were purified
with a Miniprep kit (QIAGEN, Valencia, Calif.), cleaved with XbaI, and used as
a template to transcribe viral genomic RNA for transfection assays.

An alternative procedure to produce 3�SL mutant WN virus DNAs involved
the amplification of the entire wt WN virus genomic DNA by PCR. For this
approach, we utilized an upstream primer (ATGGGTACCATTTAGGTGACA
CTATAGAGTAGTTCGCCTGTGAGCTGCA), which contained the SP6
RNA polymerase promoter sequence upstream from the 5� terminal WN virus
genomic DNA sequence. Antisense primers complementary to the sequences of
mutants WNmutA1, -A2, -C2, -A3, -A4, -A1L, and -E were used to generate the
desired 3�-terminal mutations in the full-length WN virus DNA PCR products.
(Thus, WN virus 3�SL mutants WNmutA1, -A2, -C2, and -E were each generated
by both cloning and full-length PCR methods.) As a template in these full-length
PCRs, we used a WN virus DNA that contained a lethal deletion of 16 nt from
the 3� terminus of the WN virus genome (WNdl16 DNA) to avoid a false-positive
result for infectivity of RNA transcribed from mutant DNAs. Full-length PCR
products were generated by 30 cycles of the following program: 95°C for 15 s and
68°C for 13 min. Reactions were catalyzed by Expand DNA polymerase (Roche)
in the presence of a final concentration of 2% dimethyl sulfoxide. Full-length
PCR products were purified with a PCR Purification kit (QIAGEN). WNdl16
DNA was also constructed by PCR as described above with the BclI primer and
an antisense primer (TGTTCTAGAACCACCAGCCACCTATGTCGGCG
CAC) that introduced a lethal 16-nt deletion mutation at the 3� terminus of the
WN virus genomic DNA.

Rescue of lethal 3�SL mutations. To regenerate the wild-type WN virus 3�SL
nucleotide sequence in the context of mutant WN virus DNAs that were not
infectious (e.g., mutants WN/D2-SL, WNmutA1, WNmutA2, WNmutA4, and
WNmutC2), the wild-type WN virus 3� terminal BclI/XbaI DNA segment was
amplified by PCR with pSP6WN/Xba DNA as a template. Primers used were the
BclI primer (see above) and an anti-sense primer representing the complement
of wild-type 3� terminal nucleotide sequences (CCTTTCTAGAGATCCTGTG
TTCTCGCACCACCAGCC). The wild-type BclI/XbaI PCR product was then
used to replace each of the respective mutant BclI/XbaI fragments in WN/D2-
SL, WNmutA1, WNmutA1A2, WNmutA1A4, and WNmutA1C2 DNAs, as de-
scribed above.

RNA transfection and indirect immunofluorescence assays (IFAs) to detect
virus antigen production. 3�SL mutant recombinant plasmid DNA (1 �g) lin-
earized by digestion with the XbaI restriction endonuclease or full-length PCR-
derived WN virus DNA containing an upstream SP6 RNA polymerase promoter
was used as the template for RNA transcription catalyzed by SP6 RNA poly-
merase (Promega, Madison, Wis.), as previously described (42). Briefly, template
DNAs were incubated with 20 U of SP6 polymerase for 2 h at 40°C in 30 or 60
�l of 1� buffer supplied by Promega and in the presence of 0.5 mM ATP, 0.5
mM UTP, 0.5 mM CTP, 0.1 mM GTP, 5� cap analog (m7G[5�]ppp[5�]G; New
England BioLabs), and 40U RNasin (Promega). Approximately 0.5 �g of RNA
transcripts were transfected into a continuous line of BHK21 or Vero cells by

electroporation. RNA was added to 106 cells suspended in 300 �l of phosphate-
buffered saline (PBS). Cells and RNA were incubated on ice for 10 min prior to
electroporation at 200 V and 850 �F in a Gene Pulser cuvette with a 0.4-cm
electrode gap, with a Gene Pulser II Electroporator with a capacitance extender
(Bio-Rad, Hercules, Calif.). Transfected cells were then plated in one 35-mm-
diameter well of a six-well tissue culture plate and fed with Eagle’s minimal
essential medium (MEM) containing 10% fetal bovine serum.

An IFA was performed on days 3 and 20 postelectroporation (p.e.) on cells
that had been seeded to a 1-cm2 chamber on a slide (LabTek, Naperville, Ill.) on
the day of electroporation. In a second type of experiment involving IFA, a
transfected cell monolayer (one 25-ml flask) was trypsinized on days 5, 10, 15,
and 20 p.e. On each of these days, 1/20 of the total cells were transferred to a
1-cm2 chamber slide, and IFA was performed on this slide 16 h later. Each time
this procedure was performed, the remaining cells were replated in fresh me-
dium. For IFA, a 1:50 dilution in PBS of WN virus hyperimmune mouse ascitic
fluid (American Type Culture Collection, Manassas, Va.) was used to detect viral
antigens in acetone-fixed cells. Fluorescein-conjugated goat anti-mouse antibody
(Kirkegaard and Perry Laboratories, Rockville, Md.) was used as a detector
antibody at the 1:200 dilution. A Leitz Diaplan microscope fitted with a Leica/
Wild MPS48 automated photographic system was used for all photomicrographs.

Infectious center assay. Approximately 106 BHK cells in a volume of 300 �l of
PBS were transfected by electroporation exactly as described above using 0.5 �g
of RNA derived by transcription of cloned wt or mutant recombinant plasmid
DNAs or 0.1 �g of RNA derived by transcription of wt or mutant full-length
PCR product DNAs. In all cases, RNA transcription was catalyzed by SP6 RNA
polymerase (Promega), as described above and previously (42). The assays were
conducted essentially according to a previously published method (21a). Briefly,
the suspension of transfected BHK cells was mixed with a 5-fold excess of fresh
BHK cells, and serial 10-fold dilutions of cells were seeded onto paired wells of
six-well tissue culture plates. Plates were incubated for 4 h at 37°C in 1� MEM.
Liquid medium was then removed, and monolayers were overlayered with 1�
Earle’s balanced salts (Sigma), 1 mM sodium pyruvate (Gibco), 1� NEAA
(BioWhittaker, Rockville, Md.), 1� vitamins (Gibco), 2% fetal calf serum, and
0.65% Seakem agarose (BioWhittaker). Plates were incubated for 3 days at 37°C
in 5% CO2. Cells were then fixed with 7% formaldehyde for 1 h at room
temperature. The agarose layer was then removed, and cell monolayers were
stained with 1% crystal violet to visualize plaques. Wt RNAs derived from cloned
plasmid DNA and from a full-length PCR product were titrated in a separate
experiment to ensure that the respective amounts used in the assay did not
represent an excess (data not shown). The specific infectivity of RNAs was
expressed as the number of PFU per micrograms of RNA.

Plaque assays of virus and determination of virus growth curves. Each of the
supernatants derived from transfected BHK21 or Vero cells was harvested when
about 70% of the cells were positive for viral antigens, and virus titers were
determined by plaque assays on Vero cells. For plaque assays, plates were
incubated at 37°C for 6 to 8 days, and then the monolayer was stained with
neutral red for 16 to 18 h. After staining, plaques were counted. To determine a
virus growth curve, wt WN virus and each of the viable mutant viruses derived in
BHK cells were used to infect both BHK cells in six-well plates and C6/36 cells
in T-25 flasks, at a multiplicity of infection (MOI) of 0.01 in each case. Then, 300
�l of supernatant from infected cells was harvested daily for titration. The
volume of supernatant removed each day was replaced with fresh medium. Virus
titers for each day and each cell line were determined by plaque assay on Vero
cells by the method described above.

Sequencing of the 3�SL in mutant WN virus RNAs. Virus RNA was extracted
from supernatants containing viable mutant viruses to determine the sequences
of the respective 3�SLs. A total of 0.4 ml to 1.6 ml of the supernatants harvested
from either RNA-transfected cells or from infected cells was centrifuged briefly
to remove cellar debris and then mixed with buffer AVL, as supplied by QIA-
GEN; viral RNA was isolated with a Viral RNA mini-kit (QIAGEN). To deter-
mine the nucleotide sequence at the extreme 3� terminus of the mutant virus
genomes, the 5� cap structure on virion RNA was first removed by incubation at
37°C for 1 h in a reaction mixture containing 50 mM Na acetate (pH 6.0), 1 mM
EDTA, 0.1% 2-mercaptoethanol, 0.01% Triton X-100, 0.2 mM ATP, and 10 U
of tobacco acid pyrophosphatase (Epicentre Technologies, Madison, Wis.) in a
final volume of 70 �l. After extraction with phenol-chloroform and ethanol
precipitation, “decapped” viral RNA was circularized by incubation overnight at
14°C in a 30-�l reaction volume containing 33 mM Tris-acetate (pH 7.8), 66 mM
K acetate, 10 mM Mg acetate, 0.5 mM dithiothreitol, 1 mM ATP, 10% dimethyl
sulfoxide, 40 U of RNasin (Promega), and 5 U of T4 RNA ligase (Epicentre
Technologies).

A short DNA fragment representing the nucleotide sequence of the 5�-3�
junction and upstream and downstream sequences in mutant viral genomes was
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generated by reverse transcriptase PCR (RT-PCR) with circularized viral RNA
as a template. RT was primed by an oligonucleotide corresponding to antisense
WN virus nt 156 to 130, and PCR was primed by this same primer plus a sense
oligonucleotide corresponding to WN virus nt 10437 to 10462 (GenBank
M12994). Reaction mixture conditions were essentially as described previously
(42), except that in some cases Expand polymerase (Roche) was used instead of
Pfu polymerase (Stratagene, Cedar Creek, Tex.) for PCR. Amplified products
were sequenced with either one of the RT-PCR primers and with the DNA
Sequencing kit (Applied Biosystems), with a model 377 DNA sequence analyzer
(Applied Biosystems).

Sequencing of complete genomes of wt and viable mutant WN viruses. RNA
was isolated from 0.5 ml of infected cell supernatant with a virus titer of �107

PFU/ml, with a QIAamp Viral RNA mini-kit (QIAGEN). (In this paragraph,
primers listed with lowercase letters indicate negative sense, and uppercase
letters indicate positive sense.) RT was performed as described above, with
primer 10883D (cctagtctatcccaggtgtcaatatgc). The full-length RT product was
then amplified with the primer pairs 1U (AGTAGTTCGCCTGTGTGACAAA
CTTAG) and 2486D (acttccgcaccggagctcttgcc), 2256U (GTGGGGAAAGCCA
ATACACCAAGTC) and 4078D (ctttgatgaggcttccaactccaacc), 3950U (TAAGC
TTCACCAACACTTCAAATGTG) and 5337D (tgaggtttggtaccgaatgggaagtc),
4426U (AGAGTAGATGTGAGGCTGGATGATG) and 8700D (catcgtggtcaca
ttggtgatagtg), and 8626U (GCCAGCTCCCTTGTGAATGGGGTAG) and
10883D. PCR products representing amplified subregions of the WN virus ge-
nome were purified with a Qiaquick PCR Purification kit (QIAGEN) and se-
quenced with a Big Dye Terminator DNA sequencing kit (Applied Biosystems)
with the primers listed above plus the following primers: 900U (GTTGCAGCT
GTCATTGGATGGATGC), 1424U (GCCCGACGACCGTTGAATCTCAT
GG), 3010U (GCCGTCAAGAACAACATGGC), 5339U (CTTCCCATTCGG
TACCAAACCTCAGC), 5339U (CTTCCCATTCGGTACCAAACCTCAGC),
7113D (aacgaagtgttgatagtctg), 7006U (CTTGATCTGCGGCCGGCCACGGCA
TGG), 9975D (cagccacatctgcgcgtatgacttcg), and 10867D (tgtcaatatgctgtttcttttggt
gttt). Sequence analysis was done with an ABI DNA Sequencer, model 3100,
version 3.7 (Applied Biosystems) and Sequencher software (Gene Codes Corp.,
Ann Arbor, Mich.) on a Macintosh G4 computer.

Northern blotting for negative-strand WN virus RNA in transfected cells. Two
micrograms of each in vitro-synthesized RNA was added to 5 � 106 BHK cells
suspended in 300 �l of PBS, and cells were electroporated as described above.
Transfected cells were then plated in a 10-cm-diameter culture plate and incu-
bated at 37°C for up to 40 h in Eagle’s MEM with 10% fetal bovine serum.
Medium was discarded, and 1 ml of Trizol (Invitrogen) was added to each plate
to lyse cells. Total cellular RNA was extracted according to the Invitrogen
protocol, for use in preparation of the blot. To generate a negative-sense WN
virus RNA for use as a control, WN virus DNA was cloned into the plasmid
vector pRS424 (35) between the ClaI and NotI restriction endonuclease cleavage
sites in the polylinker segment. The resulting pRS424/WN recombinant DNA
was linearized by digestion with ClaI, and a full-length negative-sense copy of the
WN virus genome was transcribed from the DNA with T3 RNA polymerase
(Promega) for 1 h at 37°C. Positive-strand WN virus RNA for use as a control
was isolated from virions (�5 � 106 PFU in 0.5 ml), as described above. Ap-
proximately 5 ng each of positive- and negative-stranded control RNAs and �5
�g each of total RNAs isolated from transfected cells were alcohol precipitated
and resuspended in 40 �l of denaturing buffer containing 1� MOPS (morpho-
linepropanesulfonic acid), 50% formamide, and 2.2 M formaldehyde and incu-
bated for 5 min at 65°C. Ten microliters of loading buffer (Ambion, Austin, Tex.)
was added to each sample, and samples were loaded onto a 1.2% agarose gel
containing 1� MOPS buffer and 2.2 M formaldehyde and electrophoresed for
4 h at 120V. The gel was stained with ethidium bromide, photographed on a UV
light box to visualize rRNAs, and RNAs were transblotted to a BrightStar-Plus
membrane (Ambion) in 20� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). RNA on the membrane was then cross-linked with a model X-1000
Spectrolinker (Spectronics Corporation, Westbury, N.Y.). To prepare a single-
stranded (ss), positive-sense, radiolabeled DNA probe, pRS424/WN DNA was
cleaved at nt 6777 of the WN virus genome with the restriction endonuclease
SphI. Linear DNA was heat denatured at 100°C for 10 min and reannealed in the
presence of a positive-sense oligonucleotide representing WN virus nt 1894 to
1923 (ACTCCCGCTGACACTGGCCACGGAACGGTG). DNA synthesis was
catalyzed by the Klenow fragment of DNA polymerase I (New England BioLabs)
in a 50-�l volume containing 10 mM Tris-HCl (pH 7.5); 5 mM dithiothreitol; 0.25
mM each of dATP, dGTP, and dTTP; 2.5 �M dCTP; 50 �Ci of [32P]dCTP (3,000
Ci/mmol; Perkin-Elmer, Boston, Mass.); and 5 U of enzyme at 37°C for 60 min.
The �4.7-kb radiolabeled product ssDNA was purified with a spin column (Edge
Biosystems, Gaithersburg, Md.), and the reaction mixture was denatured by
incubation at 98°C for 5 min. The blot was preincubated in a solution of 5� SSPE

(1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]), 5�
Denhardt’s solution, 50% formamide, 0.1% sodium dodecyl sulfate (SDS), 200
�M rGTP, and 10% denatured salmon sperm DNA (Stratagene) for 3 h at 42°C
and then incubated overnight at 42°C in the same buffer with the denatured
32P-labeled WN virus ssDNA probe. The blot was then washed at 68°C, twice in
1� SSC–0.1% SDS and three times in 0.1� SSC–0.1% SDS, and exposed to
bioMax MS film (Kodak, Rochester, N.Y.).

Computer analysis of wt and mutant 3�SL nucleotide sequences. The pre-
dicted secondary structures of DEN2 and WN virus wt 3�SL nucleotide se-
quences and of the corresponding mutant nucleotide sequences were ascertained
with the program RNAdraw, an integrated Microsoft Windows program for
RNA secondary structure calculation and analysis (25).

RESULTS

Phenotype of WN/D2-SL RNA. DEN2 and WN viruses are
members of different groups among mosquito-borne flavivi-
ruses, based on serologic and genetic relatedness (6). The
nucleotide sequences of the 3�SL for the genome of WN virus
strain 956 (41) and that for DEN2 strain New Guinea C (NGC)
(42) are shown in Fig. 1. Computer analysis revealed that there
was about 65% similarity between these two sequences. In a
previous study of DEN2 virus replication (42) in which DEN2
genome RNAs containing DEN2/WN chimeric 3�SL nucleo-
tide sequences were assessed for replication competence, re-
sults showed that an 11-bp segment, comprising the topmost
part of the bottom portion of the long stem in the DEN2 3�SL
nucleotide sequence (Fig. 1), the dengue-required sequence
[DRS], was essential for replication of DEN2 virus. Here, we
conducted the converse investigation to determine the minimal
requirement for WN virus 3�SL-specific nucleotide sequences
for replication of WN virus mutant RNAs containing WN/
DEN2 chimeric 3�SLs. The wt WN virus strain 956 infectious
DNA used as the basis for constructing all mutant viruses
described in this study was reported previously (41).

Replication of wt and mutant RNAs was assessed by an
immune fluorescence assay (IFA) for WN virus antigens in
transfected cells with murine polyclonal anti-WN antibodies on
days 3, 5, 10, 15, and 20 postelectroporation. All but one
mutant RNA exhibited one of two distinctly different pheno-
types in the IFA. Viable mutant RNAs gave positive results by
IFA within 5 days after transfection and 100% WN virus an-
tigen-positive cells at or prior to the 10-day time point after
transfection. Mutant RNAs that gave negative results by IFA
after 20 days of observation were said to display a lethal phe-
notype.

We initially created a cloned mutant WN virus DNA (WN/
D2-SL) representing the wt WN virus strain 956 genome se-
quence, except that the last 95 nt of the WN virus genome
(representing the entire WN virus 3�SL) was replaced by the
3�-terminal 93 nt of the wt DEN2 sequence (representing the
entire DEN2 3�SL [Fig. 1]). RNAs derived from transcription
of WN/D2-SL mutant and WN virus wt DNAs were electro-
porated into both Vero and BHK cells. (Both wt parent vi-
ruses, DEN2 NGC and WN virus strain 956, replicate vigor-
ously in either cell line.) For mutant WN/D2-SL RNA, no WN
virus-specific antigens were detected in transfected cells for the
entire duration of this experiment; it therefore displayed the
lethal phenotype (data not shown). In contrast, WN virus wt
RNA-transfected cells were positive for WN virus antigens by
IFA after 24 h, and nearly 100% of cells in the monolayer were
positive by day 5 (Fig. 2A). The replication phenotypes of all wt

VOL. 79, 2005 BULGES IN THE LONG STEM OF THE FLAVIVIRUS 3�SL 2311



and mutant RNAs were essentially identical after transfection
of either BHK or Vero cells. Therefore, only the results of the
IFA on BHK cells are shown.

To exclude the possibility that the lethal phenotype of WN/
D2-SL RNA was due to an occult mutation upstream from the
3�SL in WN/D2-SL DNA, we first generated a revertant wt
WN virus DNA from WN/D2-SL DNA, by substituting a frag-
ment containing the 3�-terminal 1.1 kb of the wt WN DNA
(spanning the WN nucleotide sequence between a unique BclI
restriction site at nt 9833 and the 3�-terminal XbaI restriction
site at nt 10962) for the analogous mutant fragment in the
WN/D2-SL DNA. RNA transcribed from this rescued WN/
D2-SL DNA was infectious, and the resulting virus exhibited
growth kinetics analogous to that of the parental WN virus
(data not shown). This indicated that WN/D2-SL DNA did not
contain an occult lethal mutation upstream from the BclI site
and that the PCR-synthesized wt 1.1-kb BclI/XbaI fragment
was able to support virus replication.

We also recreated the wt WN and WN/D2-SL DNAs as
full-length PCR products and demonstrated that wt RNA tran-

scribed from the PCR template was infectious while WN/
D2-SL RNA derived in the same manner was not (data not
shown). This additionally confirmed that the failure of WN/
D2-SL RNA to replicate was due to the substitution of the
DEN2 3�SL nucleotide sequence for that of the WN virus
3�SL, despite the similarity between the two 3�SLs in secondary
structure (Fig. 1).

Nucleotide sequence elements of the WN virus 3�SL re-
quired for WN virus replication. We next sought to determine
what portions of the wt WN-specific 3�SL nucleotide sequence
were required to restore efficient WN virus replication. To
perturb the nucleotide sequence of the 3�SL without altering
its predicted stem-loop structure, portions of the 3� terminal 79
nt of the DEN2 3�SL sequence were substituted for analogous
segments of the 3� terminal 79 nt of the WN virus 3�SL se-
quence (Fig. 1) in the context of the WN virus infectious DNA.
Substitution mutations did not extend into the small stem-loop
structure formed by WN virus nt 79 to 95, because the WN
virus and DEN2 sequences in this region were shown to be
freely exchangeable in the previous study centered on DEN2

FIG. 1. The 3�-terminal 93-nt sequence of the DEN2 strain NGC 3�SL is shown on the left, and the 95-nt sequence of the WN virus strain 956
3�SL is shown on the right. Nucleotides are numbered in 3�-to-5� direction from the 3� terminus of genome RNA in both cases. Horizontal dashed
lines indicate the chosen boundaries for the top and bottom portions of the respective 3�SLs, based on previous studies (3, 4, 42). Dotted lines
between nucleotides of the respective small stem-loop structures and the long stems of both 3�SLs indicate putative pseudoknot structures (34).
An 11-bp segment of the long stem in the DEN2 3�SL that was required for replication of mutant DEN2 RNAs containing DEN/WN virus chimeric
3�SL nucleotide sequences (DRS) is shown in boldface and underlined (42). Nucleotides comprising the putative major binding site for the TEF,
eF1�, in the WN virus 3�SL, nt 64 to 61 (4), are circled. The 5-bp segment in the top part of the long stem in the WN virus 3�SL representing the
TEF-binding domain is shown in boldface and underlined. Nucleotides U4-U76 which form a bulge in the bottom portion of the long stem of the
DEN2 3�SL are circled. The loci of relevant bulges in the DRS (bulges 1 and 2) and the U4-U76 bulges in the DEN2 3�SL and the TEF-binding
domain in the WN virus 3�SL are indicated by adjacent horizontal arrows. Arrowheads indicate nt numbers in the 3�-to-5� direction.
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virus replication (42). We defined the top and bottom of the
WN virus and DEN2 3�SL in accordance with previous studies
(3, 4, 42). Computer analyses (25) of all resulting chimeric
WN/DEN2 3�SL nucleotide sequences suggested that each
would form the stem-loop structures shown in Fig. 3-8.

Initially, two mutant WN virus DNAs containing chimeric WN/
DEN2 3�SL nucleotide sequences were cloned (Fig. 3A). WN-
mutA1 DNA contained a substitution of the top half of the WN
virus 3�SL long stem (nt 16 to 65, numbering in the upstream
direction from the 3�-terminal nucleotide of the genome [Fig. 1])
by the analogous segment of the DEN2 3�SL (nt 18 to 62).
WNmutC1 DNA contained the converse substitution; the bottom
half of the WN virus long stem-and-loop structure sequence, nt 1
to 15 and 66 to 79, was replaced by DEN2 nt 1 to 17 and 63 to 79,

respectively. RNAs derived from WNmutA1 and WNmutC1
DNAs were transfected into BHK or Vero cells in separate ex-
periments. For WNmutA1 RNA, IFA was negative up to day 20
posttransfection (data not shown), whereas for WNmutC1 RNA,
40 to 60% of cells were positive by day 5 after transfection, and
100% were positive by day 10, as shown for BHK cells (Fig. 2B).
As a positive control, wt WN virus RNA-transfected cells were
100% positive by IFA within 5 days posttransfection in the same
experiment. Thus, substitution of the top half of the WN virus
3�SL by the nucleotide sequence of the top half of the DEN2 3�SL
was lethal, whereas substitution of the bottom half of the long
stem in the WN virus 3�SL nucleotide sequence with the analo-
gous DEN2 3�SL nucleotide sequences was well tolerated and
gave rise to a viable mutant virus.

FIG. 2. Indirect IFAs after transfection of mutant WN virus RNAs. RNAs were derived by transfection of wt and mutant WN virus
genome-length DNAs and used to transfect hamster kidney cells (BHK-21). On the days indicated, cells were replated on a chamber slide, and
IFA was performed by standard methods with a polyclonal mouse anti-WN virus hyperimmune ascitic fluid on the days indicated. The nucleotide
sequences of the 3�SLs in mutant C1, A1L, A3, E, and F1 RNAs are shown in Fig. 3A, 5, 6, and 8.
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FIG. 3. (A) Nucleotide sequences of mutant 3�SLs in WNmutC1, -A1, and -A1L RNAs, excluding that of the small stem and loop defined by
wt WN virus nt 80 to 95 (Fig. 1) are shown. Nucleotides native to the DEN2 3�SL are shown in roman type. Nucleotides native to the wt WN virus
3�SL are shown in boldface. Horizontal dashed lines indicate the boundaries between WN virus and DEN2 nucleotide sequences, as labeled. The
5-bp TEF-binding domain in C1 RNA is indicated by brackets and an asterisk. (�), mutant RNA replicated efficiently after transfection of BHK
(and Vero) cells, in that cells were 100% positive by IFA within 5 days posttransfection (see Fig. 2); (�), transfected cells remained negative
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The 3� termini of genomic RNAs derived from WNmutC1
virus and that of all other viable mutant viruses were se-
quenced to determine whether spontaneous mutations had
occurred within the 3�SL after transfection. For WNmutC1
RNA, results showed that there were heterogeneities at certain
nucleotide positions in the 3�SL. (We assayed for heterogene-
ity of the average nucleotide sequence by a visual search for
peaks coexisting at a single site on the computer-generated
graph of the nucleotide sequence that constitutes the output of
the automated sequencers; see Materials and Methods. Un-
published data suggested that we could detect heterogeneity at
a given site in the nucleotide sequence at the level of one
substitution mutation per 5 to 10 molecules by this method.)
Therefore, PCR products representing the C1 3�SL in C1 virus
RNA were cloned, and six cloned DNA fragments were se-
quenced. All six DNAs contained spontaneous mutations of
the bottom portion of the long stem in the C1 3�SL (Fig. 3B;
sequences a to c), but all spontaneous mutations conserved the
general predicted secondary structure of the C1 3�SL. Se-
quence b was detected in three of six clones, and after three
additional passages of WNmutC1 virus in Vero cells, sequence
b was dominant in C1 genome RNAs. In the C1b 3�SL, an A
was inserted between U at position 3 (U3) and U4, and a U
was inserted between U81 and A82 of the predicted C1 nucle-
otide sequence. The G6-C81 base pair was deleted. These
mutations had the net effect of shifting the U4-U81 bulge in
the predicted C1 3�SL upward by one (U/A) base pair from the
bottom of the long stem. The apparent deletion of one or two
3� terminal nucleotide s from C1 spontaneous mutants a and c
could have been an artifact, due to the activity of enzymes used
to circularize viral RNA prior to PCR. The occurrence of
second-site mutations in the C1 3�SL was unique for viable
genomes containing WN/DEN2 chimeric 3�SLs; in all other
cases, the respective mutant 3�SL nucleotide sequences were
stable in replicating viral genomes (data not shown).

We next generated WNmutA1L DNA as a full-length PCR
product, using wt WN DNA as a template and a 3� negative-
sense primer encoding the A1L mutations, to identify more
specifically the nucleotides in the top half of the WN virus 3�SL
that were required for WN virus replication. In A1L DNA,
only the double-loop structure atop the long stem (WN nucle-
otides 29 to 52) (Fig. 1 and 3A) was replaced by the analogous
nucleotide sequence of the DEN2 3�SL. WNmutA1L RNA
was infectious in both BHK and Vero cell monolayers. About
50% of cells in either transfected monolayer were positive for
WN virus antigens by day 5 after transfection, and cells were
100% positive by day 10, as shown for BHK cells (Fig. 2C).
This result suggested that the lethal phenotype of WNmutA1

RNA was due to the absence in that construct of the 14-bp top
portion of the long stem in the wt WN virus 3�SL.

This finding was not consistent with the previously men-
tioned study (42), in which part of the bottom portion of the
DEN2 3�SL nucleotide sequence was shown to be required for
replication of DEN2 RNAs containing chimeric 3�SLs (Fig. 1).
One possible explanation for the disparate results was that
bulges in the top and bottom halves of the WN virus and
DEN2 long stems, respectively, were required for replication
of both virus species. The lower portion of the top half of the
long stem in the WN virus 3�SL contained a bulge formed by
the apposition of noncomplementary nucleotides G20 and
A61, whereas no analogous bulge occurs in the top half of the
DEN2 3�SL. Conversely, the dengue-required segment DRS
contained two bulges that were not precisely represented in the
analogous region of the WN virus 3�SL. We therefore focused
further attention on a 5-bp double-stranded (ds) segment (WN
virus nt 16 to 20 and 61 to 65) (Fig. 1) that included both the
bulge formed by nt A61 and G20 and the major in vitro eF1-
�-binding site (4) in the WN virus long stem (the sequence
5�CACA3�; WN virus nt 61 to 64) (Fig. 1). For the latter
reason, we referred to the segment as the translation elonga-
tion factor (TEF)-binding domain.

To demonstrate a requirement for the TEF-binding domain
in WN virus replication, we next generated WNmutC2 and
WNmutA2 DNA templates as cloned recombinant plasmids
(Fig. 4). WNmutC2 DNA was identical in nucleotide sequence
to WNmutC1 DNA, except the TEF-binding domain was de-
leted. Conversely, WNmutA2 DNA was derived from WN-
mutA1 DNA by the insertion of the TEF-binding domain into
the WNmutA1 3�SL nucleotide sequence at the boundary be-
tween the bottom and top parts of the A1 3�SL.

Neither WNmutC2 RNA nor WNmutA2 RNA was infec-
tious in BHK or Vero cells. The phenotype of WNmutC2 RNA
(lethal) compared to that of WNmutC1 RNA (viable) was
consistent with a requirement for the TEF-binding domain for
WN virus replication, but the lethal phenotype of WNmutA2
RNA was in conflict with that hypothesis. We postulated that
failure of WNmutA2 RNA to replicate was related to the
possibly excessive length of the long stem in the A2 3�SL (Fig.
4) and/or to the resulting perturbation of the spatial relation-
ship of the bulge contained in the TEF-binding domain to
other predicted bulge or loop structures within the 3�SL.
Therefore, WNmutA3 and WNmutA4 DNAs were generated
as PCR products, as described for WNmutA1L (Fig. 5). WN-
mutA3 PCR-product DNA contained a deletion of a single
DEN2-specific base pair (nucleotides G21 and C63) (Fig. 1 and
5) at the lowermost boundary of the top of the WNmutA2

by IFA for 20 days posttransfection. (B) The nucleotide sequence of the long stem and loop at the 3�terminus of the WNmutC1 RNA transcribed
from C1 mutant DNA and used to transfect cells is shown on the left (input). Spontaneous mutations of the C1 long stem and loop in genomes
of replicating C1 virus are shown on the right (virion RNAs). The TEF-binding domain in C1 RNA is bracketed and marked by an asterisk.
Boldface type indicates the WN 3�SL nucleotides. Roman type indicates DEN2 3�SL nucleotides. The horizontal dashed lines indicate the
boundary between the top (t) and bottom (b) of the wt WN virus 3�SL (Fig. 1), which also constitutes the boundary between DEN2 (DEN) and
WN virus nucleotide sequences in the C1 3�SL. The 3�SL in recovered C1 virus RNA was cloned, and six representative cloned DNAs were
sequenced. ***a, b, and c indicate, respectively, each of the three spontaneous mutations of the C1 3�SL detected in C1 virion RNAs by this
method. Top portions of the nucleotide sequences of C1 3�SL variants detected in replicating virus that did not deviate from that of input C1 RNA
are indicated by the heavy vertical dashed lines. Nucleotides inserted or substituted into the C1 3�SL by spontaneous mutation are enclosed by a
box or rectangle. Nucleotides spontaneously deleted from the C1 3�SL are enclosed in an oval. **, ratios of the respective mutant C1 nucleotide
sequences in a total of six DNAs sequenced are indicated by fractions.
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3�SL, and WNmutA4 PCR-product DNA contained a deletion
of three additional DEN2-specific base pairs from the same
region in the WNmutA1 3�SL (nt 21 to 24 and 62 to 65) (Fig.
5). WNmutA3 RNA exhibited a viable phenotype; 30 to 60%
of cells were positive by IFA 3 to 5 days after transfection, and
100% of cells were positive at day 10 posttransfection (Fig.
2D). The A4 mutation was lethal for WN virus replication. The
results for mutants WNmutC2 and WNmutA3 were consistent
with the hypothesis that the WN virus-specific TEF-binding
domain was necessary for the viability of mutant WN virus
RNAs containing chimeric 3�SLs, but failure of WNmutA2 and
-A4 RNAs to replicate suggested that there were additional
constraints on the 3�SL secondary structure or nucleotide se-
quence that rendered these latter genomic RNAs nonviable. In
addition, the results for WNmutA3 RNA demonstrated that
WN nt 21 to 29 and 52 to 60 (Fig. 1) were not necessary per se
for WN genome replication.

We next sought to determine whether the DRS (Fig. 1) (42)
could substitute for the TEF-binding domain, if it were in-
serted into the WN virus 3�SL in an analogous locus in the long

stem. WNmutE DNA was cloned to address this question; it
contained a substitution of DEN2 3�SL nt 12 to 18 and 61 to 68
(Fig. 1) for nt 14 to 20 and 61 to 66, respectively, of the wt WN
3�SL nucleotide sequence (Fig. 6). WNmutE RNA exhibited a
viable phenotype that was nearly indistinguishable from that of
wt WN RNA; 100% of cells in the transfected monolayers were
positive by IFA within 5 days posttransfection (Fig. 2E). Thus,
our question was answered in the affirmative. Since the TEF
binding domain and the substituted DEN2-specific ds segment
of the DRS had little nucleotide sequence homology but both
introduced a bulge into the top portion of the long stem of the
WN virus 3�SL, this suggested that the bulge itself and its
location within the long stem were critical determinants of
RNA replication competence independent of nucleotide se-
quence, at least in the context of mutant RNAs containing
chimeric 3�SLs.

The bulge in the TEF-binding domain. We constructed ad-
ditional point mutantWN virus DNAs as PCR products in
order to determine whether the bulge in the TEF-binding

FIG. 4. Nucleotide sequences of the long stem-loop structures of 3�SLs present in WNmutC2 (A) and WNmutA2 (B) RNAs are depicted in
comparison to WNmutC1 and WNmutA1 3�SLs, respectively. Boldface type indicates nucleotides derived from the wt WN virus 3�SL sequence.
Roman type, nucleotides derived from the wt DEN2 3�SL sequence. The 5-bp TEF-binding domain in C1 and A2 RNAs is indicated by brackets
and an asterisk. Nucleotides included in the 11-bp ds segment previously shown to be required for DEN2 virus replication (42) are underlined.
Arrows indicate that the TEF-binding domain was deleted from the C1 3�SL to generate the C2 3�SL. Similarly, arrows indicate that the
TEF-binding domain was inserted into the A1 3�SL where shown in order to generate the A2 3�SL. Dashed lines delineate both the boundary
between top and bottom portions of the WN virus 3�SL and the boundary between WN and DEN2 (DN) nucleotide sequences. (�), mutant RNA
replicated efficiently after transfection of BHK (and Vero) cells compared to wt RNA; (�), transfected cells remained negative by IFA for 20 days
posttransfection.
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domain was required for replication in the context of the wt
WN virus 3�SL nucleotide sequence (Fig. 1). A61C (Fig. 7A)
and G20U (Fig. 7B) RNAs were each predicted to lack the
bulge in the TEF-binding domain, but in each mutant one of
the two wt nucleotides that constituted the bulge was con-
served. Both RNAs were infectious and gave viable virus with
kinetics similar to those of wt WN virus RNA in our posttrans-
fection IFA (data not shown). However, nucleotide sequence
analysis of RNAs derived from replicating viruses showed that
all A61C mutant viral genomes had reverted, such that an A
was present at position 61, and the wt A61-G20 bulge was
restored. RNA from mutant G20U virus contained the ex-
pected substituted U at position 20 in the 3�SL (and therefore
lacked the A61-G20 bulge) but was heterogeneous at nt 60 in
the wt WN virus 3�SL sequence (Fig. 7B). Therefore, the
G20U virus was passaged one additional time in Vero cells,
and five cloned DNAs representing the G20U 3�SL were se-
quenced. Results showed that a proportion (�1:5) of G20U
viral genomes had sustained a novel nucleotide substitution
mutation of A at position 60 to C (A60C), thus introducing a
new potential bulge by apposition of mutant nucleotide C60
with wt nucleotide U21, displaced by one nucleotide pair com-

pared to the A61-G20 bulge in the wt TEF-binding domain.
After three additional passages of G20U mutant virus in Vero
cells, the spontaneous A60C mutation and the deliberate
G20U mutations had both reverted to wt in all molecules,
restoring the wt A61-G20 bulge (data not shown). These re-
sults collectively suggested that the bulge in the top portion of
the long stem of the wt WN virus 3�SL was not dispensable.

To determine whether nucleotides A61 and/or G20 were per
se required for WN virus replication, we generated the
WNmut2U DNA by PCR, in which both A61 and G20 were
replaced by U (Fig. 7C). The 2U mutant 3�SL contained a
bulge, created by the apposition of the substitution mutations,
A61U and G20U. WNmut2U RNA replicated less efficiently
than other viable mutant RNAs after transfection, in that
transfected cells did not become 100% positive for WN virus
antigens until day 15 after transfection (data not shown). How-
ever, as a more certain indicator of its replication efficiency,
WNmut2U virus recovered from transfected cells was used to
infect Vero cells at a low MOI and reached a peak titer of 9 �
106 PFU/ml after 7 days. This peak titer was less than 10-fold
different from that of wt WN virus in a similar assay at the
same time point (data not shown). Sequencing of the 3� ter-

FIG. 5. Derivation of the 3�SLs in WNmutA3 and WNmutA4 RNAs from the A2 3�SL nucleotide sequence is shown. Boldface type, nucleotides
derived from the wt WN virus 3�SL nucleotide sequence. Roman type, nucleotides derived from the wt DEN2 3�SL nucleotide sequence. Arrows
indicate that the G21-C65 base pair (enclosed by an oval) was deleted from the A2 3�SL to generate the A3 3�SL and that 3 bp (nt 21 to 23 and
61 to 63) (enclosed by an oval) were deleted from the A3 nucleotide sequence to generate the A4 3�SL nucleotide sequence. Horizontal dashed
lines indicate, respectively, the boundary between DEN2 and WN virus nucleotide sequences in the context of the A2 3�SL and the top (t) and
bottom (b) portions of the WN virus 3�SL, as defined in previous studies (3, 4, 42). Nucleotides comprising the TEF-binding domain (see text) are
underlined. (�), mutant RNA replicated efficiently after transfection of BHK (and Vero) cells compared to wt RNA; (�), transfected cells
remained negative by IFA for 20 days posttransfection.
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minus of the WNmut2U genome revealed that the 2U muta-
tion was completely stable in RNA recovered from virus par-
ticles. These results suggested that nt A61 and G20 were not
absolutely required for WN virus replication.

Introduction of a bulge into the bottom part of the long stem
of the WN virus 3�SL. One mutant DEN2 virus derived in the
previous study of the DEN2 3�SL contained a substitution of
the bottom 7 bp of the long stem in the DEN2 3�SL by the
analogous 6 bp of the long stem of the WN virus 3�SL (42). The
resulting mutant DEN2mutF virus was host range restricted, in
that it was severely retarded for replication in mosquito cells
but replicated to wt titers in cultured monkey kidney cells.
WNmutF1 DNA (Fig. 8) was constructed to determine
whether the converse mutation could alter the host range of
the WN virus. It contained a replacement of the bottommost 7
bp of the long stem in the WN virus 3�SL (WN virus nt 1 to 7
and 73 to 79) (Fig. 1) by the analogous 7 bp of the DEN2 3�SL
(DEN2 nt 1 to 7 and 73 to 79). This had the effect of intro-
ducing a U-U bulge into the bottom portion of the WN virus
3�SL long stem that was not present in the wt structure, formed
by the apposition of U4 and U76 in the DEN2 nucleotide
sequence. By IFA, WNmutF1 RNA had a viable phenotype

nearly indistinguishable from that of the wt WN virus RNA
after transfection of Vero or BHK cells (Fig. 2F). Data from
growth curves indicated that WNmutF1 virus did have an al-
tered host range in C6/36 cells (see below).

Specific infectivity of mutant RNA. The results of the IFA
suggested that all viable 3�SL mutant RNAs were at least
slightly less infectious than wt WN virus RNA, based on the
time required for transfected cell monolayers to become 100%
positive for WN virus antigens (Fig. 2). However, results of the
IFA were not necessarily indicative of subtle differences in
infectiousness due solely to 3�SL mutations among and be-
tween viable mutant RNAs, because some of them were gen-
erated by transcription from cloned mutant DNAs and some
from full-length PCR products. This variable could have arti-
factually skewed the kinetics of the IFA. To resolve this issue,
an infectious center assay was conducted in which the specific
infectivity of mutant RNAs derived from cloned recombinant
plasmid DNAs and of mutant RNAs derived from PCR prod-
uct DNAs was compared to that of wt RNAs derived by each
of the two methods. Results of two independent experiments in
BHK cells are shown in Table 1. Wt RNA derived from the
WN virus recombinant plasmid DNA (and used in the IFA)
had a specific infectivity of 33.4 � 103 and 26.4 � 103 PFU/�g,
respectively, in the two experiments, whereas the specific in-
fectivity of wt RNA derived from a full-length wt PCR product
DNA was 10.0 � 103 and 12.0 � 103 PFU/�g, respectively, in
the same two experiments. For WNmutE RNA, which was also
generated by both methods, there was a similar relationship in
specific infectivity between RNA derived from cloned plasmid
DNA (18.0 � 103 PFU/�g in one experiment) and RNA de-
rived from PCR product DNA (8.0 � 103 and 5.0 � 103

PFU/�g in two experiments). The specific infectivity of WN-
mutC1 RNA was comparable to that of wt RNA, despite the
fact that replication of C1 virus was associated with spontane-
ous mutation of the C1 3�SL (Fig. 3B). This suggested that the
input C1 3�SL nucleotide sequence was quite functional for
recruitment of factors required to initiate replication. RNAs
derived from PCR product DNAs might have been slightly less
infectious than those derived from cloned DNAs, due to pre-
mature termination of transcription off PCR-derived templates
or due to random lethal mutations introduced into a subpopu-
lation of DNAs during PCR. In any case, the difference in
specific infectivity observed between wt RNAs derived by the
two methods and between the respective wt RNAs and rele-
vant mutant RNAs (Table 3) was much less than an order of
magnitude in all cases and differences did not rise to the level
of statistical significance.

The infectious center assay was more sensitive for detecting
small differences in specific infectivity between mutant RNAs
derived from PCR-product DNAs and those derived from
cloned DNAs than was the IFA. However, wt and all viable
mutant RNAs were markedly contrasted with lethal mutant
RNAs (WN/DN-SL, -A1, -A2, -A4, and -C2), all of which
failed to induce the synthesis of detectable WN virus antigens
after 20 days of observation p.e. This suggested a fundamental
difference in functionality of the 3�SLs in wt and viable mutant
RNAs compared to that of lethal mutant RNAs, regardless of
the method of derivation.

Kinetics of replication of viable mutant viruses in BHK and
C6/36 cells. The kinetics of the replication of wt and viable

FIG. 6. The nucleotide sequence of the long stem-loop structure of
the WNmutE 3�SL is depicted. Boldface type, nucleotides native to the
wt WN virus 3�SL. Roman type, nucleotides native to the wt DEN2
3�SL. Horizontal dashed lines labeled WN and DEN indicate where a
ds segment comprising wt WN virus nt 14 to 20 and 61 to 66, including
the TEF-binding domain, was deleted and DEN2 nt 12 to 19 and 61 to
67 were inserted (Fig. 1). The inserted DEN2-specific nucleotides
formed the major part of a ds segment shown in a previous study (42)
to be required for replication of DEN2 RNAs containing chimeric
DEN2-WN virus 3�SLs, and they are underlined.
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mutant viruses in BHK and C6/36 cells was determined at an
MOI of �0.01 each case, using amplified and plaque-titered
stocks. The 3� termini of the genomes of viruses used in this
assay were analyzed to verify the presence of the respective
mutant 3�SL nucleotide sequences shown in Fig. 3B through 8.
WNmutC1 virus contained the C1b 3�SL nucleotide sequence
(Fig. 3B.) Plaque titers were determined daily for virus se-
creted into the medium for 8 or 9 days, and results are shown
in Fig. 9 and 10 and Table 2.

The peak titer for wt WN virus in BHK cells was about 8 �
107 PFU/ml, achieved on day 6 postinfection (Fig. 9 and Table
2). In the same experiment, WNmutA3 and WNmutF1 viruses
were similar in their peak titers compared to wt virus, whereas
the titers of WNmutC1 and WNmutE viruses were about 10-
fold lower. We noted that the replication of WNmutE virus
was markedly retarded compared to wt WN virus at early times
after infection, despite the fact that it ultimately attained a
peak titer approaching that of the wt. For example, on day 4
the titer was about 100,000-fold lower than that of wt WN virus
and most of the other mutant viruses (Fig. 9). The kinetics of
replication of WNmutA1L virus were similar to those of WN-
mutE virus in the first 6 days postinfection. However, the peak
titer of WNmutA1L virus never exceeded 1.2 � 106 PFU/ml,
nearly 100-fold lower than that of the wt (Fig. 9 and Table 2).
Therefore, substitution of the WN virus nucleotides forming

the double-loop structure atop the long stem by analogous
DEN2 nucleotides had a slight negative effect on replication
competence of the virus that was not obvious from results of
the IFA or the infectious center assay performed after trans-
fection to assess the RNA.

The peak titer for wt WN virus in C6/36 cells was about 1.2
� 107 PFU/ml, achieved on day 8 postinfection (Fig. 10; Table
2). WNmutA3 and WNmutE viruses achieved similar peak
titers of 4 � 107 and 2.5 � 107 PFU/ml, respectively, even
though WNmutA3 virus replicated more vigorously than wt
virus at early times after infection, for example, on days 3
through 6. In contrast, the replication of WNmutE virus was
retarded at early times after infection compared to wt virus, as
was observed after infection of BHK cells. The kinetics of
replication of WNmutA1L virus in C6/36 cells paralleled that
of wt virus up to day 4 postinfection, when the titers of both
viruses were about 105 PFU/ml. However, the titer of the
mutant virus did not increase after day 4, and therefore the
peak titer of WNmutA1L virus was almost 100-fold lower than
that of the wt virus.

Surprisingly, the peak titers of WNmutC1 and WNmutF1
viruses in C6/36 cells exceeded that of wt WN virus by about 80
and 100 fold, respectively. On day 8 postinfection, WNmutC1
virus reached a peak titer of 8 � 108 PFU/ml, and WNmutF1
virus reached a peak titer of 1.2 � 109 PFU/ml (Table 2). In

FIG. 7. Nucleotide sequences of the long stem and loop of 3�SLs present in A61C, G20U, and 2U RNAs are depicted. A horizontal line
indicates the boundary between the top (t) and bottom (b) portions of the wt WN virus 3�SL (3, 4, 42). The TEF-binding domain in all three mutant
nucleotide sequences is indicated by brackets and an asterisk to the left. For the A61C and G20U mutations, the loci of the substituted nucleotides
are indicated in large, boldface type. For the 2U 3�SL, the U residues replacing A61 and G20, respectively, are shown in large boldface type. In
the G20U nucleotide sequence, nucleotide A60, which spontaneously reverted to C in a portion of RNAs after transfection, is circled.
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both mutant genome sequences, the lowermost 7 bp of the long
stem of the 3�SL was derived from the DEN2 nucleotide se-
quence (Fig. 1, 3A, and 8). We inferred that the U-U bulge
introduced in the context of the 7-bp DEN2-specific segment
was mosquito cell growth enhancing for both WNmutC1 and
WNmutF1 viruses. Thus, we tentatively identified a second
locus in the long stem of the 3�SL where the presence of a
bulge resulted in altered growth properties of WN virus.

Complete genome sequences of viable mutant WN viruses.
As mentioned previously, the 3�SLs in all viable mutant viruses
were sequenced to determine whether the respective mutant
nucleotide sequences were stable in replicating virus. Except
for the C1 3�SL (Fig. 3B) and the A61C and G20U genomes
(see above), this was shown to be true. In addition to verifying
the stability of all 3�SL nucleotide sequences in viable RNAs,
we also sequenced the complete genomes of wt and
WNmutA1L, -A3, -C1, -E, and -2U viruses after amplification

in Vero cells (wt, WNmutA1L, and WNmut2U viruses) or
BHK cells (WNmutA3, -C1, and -E viruses), to determine
whether any other second-site mutations might have been re-
quired for viability. The sequences of these RNAs were then
compared to the sequence of the WN strain 956 infectious
DNA (Table 3).

wt WN virus RNA contained two mutations that differenti-
ated it from that of the parent infectious DNA. Both were
silent mutations, one in the envelope gene segment (G1968U)
and one in NS5 (A9465G), respectively. The G1968U mutation
was also detected in the WNmutA1L and WNmutC1 genomes.

FIG. 8. The nucleotide sequence of the long stem-loop structure in
the WNmutF1 3�SL is depicted. Boldface type indicates nucleotides
native to the wt WN 3�SL. Roman type indicates nucleotides native to
the wt DEN2 3�SL. The horizontal dashed line indicates the boundary
between DEN2 and WN virus 3�SL nucleotide sequences. The TEF-
binding domain is indicated by brackets and an asterisk adjacent to the
left-hand strand of the segment. Nucleotides forming the U-U bulge
created in the WN sequence by substituting DEN2 nucleotides for
Wnvirus nucleotides that comprise the lowermost 7 bp of the respec-
tive long stems (Fig. 1) are circled. (�), Mutant RNA replicated
efficiently after transfection of BHK (and Vero) cells compared to wt
RNA.

FIG. 9. Replication of viable WN 3�SL mutant viruses in BHK
cells. Plaque titers were determined for pools of viruses derived by
transfection of BHK cells in Vero cells; these viruses were used to
infect confluent monolayers of BHK cells at an MOI of 0.01. Plaque
titers were determined for aliquots of the medium on infected cells on
Vero cells on the days shown after infection. Results for wt WN virus
strain 956 and WNmutA1L, WNmutA3, WNmutC1, WNmutE, and
WNmutF1 viruses are shown. Solid circles and dashed line, wt WN
virus; solid squares, WNmutC1 virus; solid triangles, WNmutE virus;
open circles, WNmutF1 virus; open triangles, WNmutA3 virus; open
squares, WNmutA1L virus.

TABLE 1. Infectious center assays for wt and mutant RNAs in
BHK cells

RNA

Specific infectivity (103 PFU/�g of RNA)

Plasmid
deriveda

PCR
derivedb

wt 33.4, 26.4c 10.0, 12.0
A1L NAd 2.0, 8.0
A3 NA 6.0, 6.0
C1 24.0, 19.0 NA
E 18.0 8.0, 5.0
F1 30.4, 24.7 NA
2U NA 7.0, 2.0

a RNA was generated by in vitro transcription from cloned wt or mutant
infectious DNAs.

b RNA was generated by in vitro transcription from full-length PCR product
DNAs.

c Results of two separate experiments are shown. Experiment 1 results are
shown in plain type; experiment 2 results are shown in italics.

d NA, not applicable. The indicated mutant RNA was generated either from
cloned mutant infectious DNA or from a PCR product but not both.
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The A9465G mutation was also detected in the WNmutA3
genome. Since they occurred in the wt genome, these muta-
tions were unlikely to have any relationship to the replication
phenotypes of the mutant viruses in question. We similarly
discounted the significance of silent mutations detected in the
ORFs of the WNmutA3 genome (C309U and U1323C), the
WNmutE genome (G7356A and A8076G), and the WNmut2U
genome (T6682G). The C1 and E genomes both contained
mutations in the premembrane (prM) gene segment that were
predicted to result in amino acid changes in prM. In view of the
results of the IFA and other data (see below and reference 42)
suggesting that lethal mutations of the 3�SL abrogate transla-
tion initiation and/or RNA synthesis and since there is no
published information to implicate prM in those processes, we
doubted that these mutations were compensatory for the pres-

ence of the C1 or E 3�SLs, respectively, in the WN genome.
Therefore, it remained possible that the A10684G mutation
detected in the 3�NCR of both the A1L and E genomes, the
C10502U mutation in the A1L genome, and the A7898U sense
mutation of the NS5 gene segment in the A3 genome (Table 3)
could have been required for replication of these genomes, due
to altered function of the respective mutant 3�SLs. There was
no correlation between the loci of second-site mutations and
the cell type in which the viruses were amplified (Vero versus
BHK cells).

Northern blot analysis of negative-strand synthesis. To
evaluate further the defect in replication of lethal mutant
RNAs, we conducted a Northern blot analysis of total cellular
RNA harvested from cells after transfection with wt and lethal
mutant RNAs, using a radiolabeled, positive-sense ssDNA
probe (Fig. 11A). The probe was WN negative-strand RNA
specific in that it strongly hybridized to a full-length negative-
strand WN RNA synthesized in vitro (lane 1) but did not
hybridize at all detectably to positive-strand WN RNA har-
vested from infectious virus (Fig. 11A, lane 2) or to RNA
harvested from mock-transfected BHK cells (lane 4). The
probe was able to detect genome-size negative strands in cells
that had been transfected with wt WN RNA transcripts (lane
3), but no negative-strand RNA was detected in cells trans-
fected by WNmutA1, WNmutA2, WNmutC2, and WN/DN-SL
RNAs (lanes 5 to 8, respectively). rRNAs were visualized in
the gel by ethidium bromide staining (Fig. 11B) to establish
that roughly equivalent amounts of total cellular RNA were
loaded onto the gel. We could not rule out the possibility that
very small amounts of negative-strand RNA beneath the level
of sensitivity of our assay were present in cells transfected by

FIG. 10. Replication of viable WN 3�SL mutant viruses in C6/36
cells. Plaque titers were determined for pools of viruses derived by
transfection of BHK cells in Vero cells; the viruses were used to infect
confluent monolayers of C6/36 cells at an MOI of 0.01. Plaque titers
were determined for aliquots of the medium on infected cells on Vero
cells on the days shown after infection. Results for wt WN strain 956
and WNmutA1L, WNmutA3, WNmutC1, WNmutE, and WNmutF1
viruses are shown. Solid circles and dashed line, wt WN virus; solid
squares, WNmutC1 virus; solid triangles, WNmutE virus; open circles,
WNmutF1 virus; open triangles, WNmutA3 virus; open squares,
WNmutA1L virus.

TABLE 2. Peak titers of WN 3�SL mutant viruses in BHK and C6/
36 cells

Virus
Peak titer, log PFU/ml (day)a

BHK cells C6/36 cells

wt 7.9 (5) 7.1 (8)
mutA1L 6.1 (6) 5.8 (4)
mutA3 7.9 (6) 7.6 (6)
mutC1 7.2 (5) 8.9 (8)b

mutE 7.1 (7) 7.4 (7)
mutF1 7.9 (6) 9.1 (8)

a Monolayers were infected at an MOI of 0.01 to 0.05, and aliquots of the
medium were used to determine plaque titers on Vero cells for up to 10 days
postinfection or until lysis of the monolayer.

b Results for mutants C1 and F1 are underlined to indicate that peak titers of
virus in C6/36 cells exceeded those obtained for wt WN virus by �100 fold.

TABLE 3. Nucleotide sequence differences between RNA
recovered from WN viruses and the WN strain 956 infectious DNA,

upstream from the 3�SLa

Virus RNA

nt sequence
change AA sequence change Gene

segment
nt no.b Mutation Codon no. wt AA/sub AA

wt 1968* G to U 624 Silent Env
9465* A to G 3123 Silent NS5

WNmutA1L 1968* G to U 624 Silent Env
10502 C to U NAd 3�NCR
10684 A to G NA 3�NCR

WNmutA3 309 C to U 21 Silent Capsid
1323 U to C 409 Silent Env
7898 A to U 2601 Lys to Thr NS5
9465* A to G 3123 Silent NS5

WNmutC1c 511 G to A 139 Ala to Thr prM
1968* G to U 624 Silent Env

WNmutE 604 G to A 170 Asp to Asn prM
7356 G to A 2420 Silent NS4B
8076 A to G 2660 Silent NS5
10684 A to G NA 3�NCR

Wnmut2U 6682 T to G 2186 Silent NS4A

a DNA sequence from GenBank M12994 and reference 41. Mutant viruses
contained 3�SL mutations depicted in Fig. 3B through 8 (see text).

b Nucleotides are numbered from the 5� terminus of the WN genome. Muta-
tions identified in RNA recovered from wt WN strain 956 virus are indicated by
asterisks. nt, nucleotide. Second-site mutations that are possibly required for
replication of mutant viruses are indicated by underlining.

c The WNmutC1 virus genome contained the C1b 3�SL nucleotide sequence
shown in Fig. 3B.

d Not applicable.
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mutant RNAs that failed to replicate, but the results were
consistent with our hypothesis based on the IFA results and
previous work (17, 18, 19, 42) that lethal mutations of the 3�SL
abrogated replication at either the level of translation of input
virion RNAs or initiation of RNA synthesis. This was consis-
tent with the hypothesis that at least some of the lethal mutant
3�SLs were unable to recruit factors necessary for one or both
processes.

Confirmation of the phenotypes of lethal mutations in the
WN virus 3�SL. To reduce the possibility that a technical or
procedural error could account for the observed lethal pheno-
types of the WNmutC2, WNmutA1, WNmutA2, and WN-
mutA4 mutations, each transfection experiment was repeated
three times with identical results. In addition, to reduce the
possibility that we had introduced an occult lethal mutation
into the wt WN virus DNA during mutagenesis, we rescued
lethal mutants WNmutC2, WNmutA1, and WNmutA2 by re-
placing the 3�-terminal 508-nt sequence of the respective mu-
tant DNAs with that of wtWN virus, using a technique analo-
gous to that described above for rescuing the prototype WN/
D2-SL mutant virus genome. We also recreated C2, A1, and
A2 DNAs by PCR, using 3� primers containing the respective
mutant 3�SL nucleotide sequences and WNdl16 DNA as tem-
plate, as also described previously for confirmation of the phe-
notype of WN/D2-SL RNA. The results in all cases confirmed
that the lethal phenotypes of the mutant RNAs were due only
to the mutations introduced into the respective 3�SL nucleo-
tide sequences.

DISCUSSION

Flavivirus genomic RNAs contain 5�- and 3�-NCRs with
lengths of approximately 100 and 400 to 800 nt, respectively.

The 3�-terminal 90 to 100 nt of the 3�-NCR is predicted to form
a thermodynamically stable stem-loop structure, referred to as
the 3�SL (12, 27, 31, 39). Historical recognition of the 3�SL was
based on predictions of folding for only a few hundred nucle-
otides at the 3� termini of the genomes of various flaviviruses
and on digestion of in vitro-synthesized 3�SL RNAs with sin-
gle- and double-strand-specific RNases (5). However, a recent
computer-based prediction of the folding of an 8,781-nt Kunjin
virus replicon RNA (representing more than 80% of the Kun-
jin genome) provides confirmation that the 3�SL is likely to be
a stable structure in full-length flavivirus RNAs (20). The pri-
mary nucleotide sequence of the 3�SL is highly conserved
within flavivirus antigenic groups but is not well conserved
among or between them. For example, the DEN1 and DEN2
3�SLs share 98% nucleotide sequence homology, but the WN
and DEN2 3�SL nucleotide sequences are only 65% homolo-
gous (Fig. 1).

The 3�SL secondary structure is required for flavivirus rep-
lication (26, 42), but little is known about its function on a
molecular level. In vitro studies suggest that the 3�SL binds
cellular and viral proteins that may be involved in formation of
the replication complex and in translation. For example, short
RNA transcripts containing the nucleotide sequence of the
WN 3�SL (Fig. 1) bound to the translation elongation factor,
eF1-�, in uninfected BHK cellular extracts (3, 4). Similar stud-
ies demonstrated binding of eF-1�, PTB, and human La au-
toantigen to the DEN4 3�SL (11) and of MOV34, a component
of the 26S proteasome that is thought to function in transcrip-
tion and translation, to the Japanese encephalitis (JE) virus
3�SL (36). Finally, the 3�-terminal 83 nt of the JE genome (the
long stem and loop within the 3�SL) competed with full-length
JE RNA for binding to virus-encoded proteins, including the
viral RNA-dependent RNA polymerase (RdRp), NS5 (10),
and the virus-encoded helicase, NS3 (24), to form a replication
complex. None of the binding sites for cellular proteins (other
than for eF1� to the WN virus 3�SL in vitro) or for NS5 have
been mapped. These results for flaviviruses parallel other ob-
servations on cell protein binding by conserved 3�-terminal
secondary structures of other positive-strand RNA virus ge-
nomes (14, 16, 28, 30).

Results of this and a previous study (42) demonstrated that
the complete DEN2 and WN virus 3�SL nucleotide sequences
were not interchangeable between the respective genome
RNAs. Thus, the 3�SL was functionally species or at least
flavivirus group specific for replication, and this suggested that
nucleotide sequence differences between the DEN2 and WN
3�SLs were critical determinants of replication competence.
We investigated this question in relation to WN virus replica-
tion by constructing additional mutant WN DNAs that con-
tained chimeric WN/DEN2 3�SLs or point mutant WN 3�SLs.
RNAs derived from these DNAs were evaluated for their abil-
ity to produce infectious virus in mammalian kidney cells. Mu-
tant WN RNAs fell into two distinctly different groups; they
either replicated nearly as efficiently as wt WN RNA after
transfection, or they completely failed to induce the synthesis
of both detectable WN antigens and negative-strand RNA in
transfected cells. These additional results suggested that fail-
ure of the DEN2 3�SL to substitute for the WN 3�SL was due
at least primarily to the absence in the wt DEN2 3�SL of a
bulge analogous in location to that found in the top portion of

FIG. 11. (A) Northern hybridization analysis of negative-strand
WN RNAs in cells transfected by wt and lethal mutant RNAs. Total
cellular RNAs were isolated from mock-transfected cells (lane 4) and
from cells transfected with wt WN RNA (lane 3) or WNmutA1, WN-
mutA2, WNmutC2, and WN/DN-SL RNAs (lanes 5 to 8, respectively)
40 h p.e. RNAs were then electrophoresed on a denaturing 1.2%
agarose gel for 4 h at 120V, transferred to a membrane, and hybridized
to an in vitro-synthesized 32P-labeled �4.7-kb positive-sense ssDNA
probe representing nt 1894 to 6777 of the WN virus genome. Full-
length in vitro-synthesized WN negative-strand RNA (lane 1) and WN
positive-strand RNA isolated from infectious virus (lane 2) served as
controls to establish the specificity of the hybridization for WN virus
negative-strand RNA. (B) After electrophoresis and prior to transblot-
ting, the agarose gel was stained with ethidium bromide and photo-
graphed on a UV light box to visualize 18S and 28S rRNAs in prep-
arations of total cellular RNA (lanes 3 to 8).
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the long stem of the WN 3�SL, created by apposition of WN
nucleotides A61 and G20 (Fig. 1). Nucleotide A61 in the wt
WN 3�SL constituted the 3�terminal nucleotide in a 4-nt se-
quence shown to be the major in vitro-binding site for eF1-�
(4). We therefore defined a 5-bp ds segment that contained the
entirety of the eF1-� binding site on one strand as the TEF-
binding domain. However, the location of the bulge but not the
identity of nucleotides forming the bulge in the long stem of
the WN 3�SL was critical for its function. There were three
pieces of evidence in support of this idea: (i) all viable mutant
RNAs contained a bulge at the site of the A61-G20 bulge in
the wt WN long stem or rapidly mutated to restore that bulge;
(ii) the bulge in the wt WN long stem could be replaced by a
bulged segment (the DRS) (Fig. 1) previously shown to be
required for DEN2 virus replication (42), only when the
DEN2-specific nucleotides were presented at the locus for the
A61-G20 bulge; and (iii) all but two lethal mutant RNAs (A2
and A4) (Fig. 5) lacked the TEF-binding domain, and both of
these exceptional mutant 3�SLs contained either extended
(A2) or truncated (A4) long stems which altered the locus of
the A61-G20 bulge with respect to other elements of the WN
virus 3�SL secondary structure.

In summary, nonidentity of the nucleotide sequences of the
wild-type WN virus and DEN2 3�SLs did account for the ob-
servation that the DEN2 3�SL could not substitute for the WN
virus 3�SL in the WN genome, in that the differences in nucle-
otide sequence resulted in a difference in the topology of the
bulges between the DEN2 and WN long stems. A similar
hypothesis is possible to explain the previous results for the
DEN2 genome (42), since the DEN2-specific 3�SL nucleotides
required for DEN2 RNA infectivity (Fig. 1) represent a bulge-
rich domain in the long stem of the DEN2 3�SL. We speculate
that in general specific bulges in the 3�SL long stem are re-
quired for optimal binding of cellular and/or viral proteins
essential for flavivirus replication.

Specificity for binding to bulges in the long stem may reside
in homo-specific viral proteins required for formation of the
replication complex (18, 19, 20) or for translation of input
virion RNAs after uncoating. Alternatively, 3�SL binding spec-
ificity may reside in cellular proteins also required for these
processes. In the latter case, cellular proteins may recognize
the 3�SL in concert with some other part of the genome or in
concert with virus-specific proteins, to account for failure of
the DEN2 3�SL to substitute for the WN 3�SL and vice-versa.
For example, cellular proteins are required to link the 5� and 3�
ends of the mouse hepatitis virus and poliovirus RNAs, respec-
tively, to facilitate the formation of panhandle structures as a
prerequisite for negative-strand synthesis catalyzed by virus-
coded polymerases (13, 14). Such a model could be applicable
to flaviviruses, since there is ample evidence that genome RNA
forms a panhandle in the process of flavivirus replication (19,
20, 23).

Our results suggested a functional analogy between the
TEF-binding domain and the DRS. Possibly, if the A61-G20
bulge and the three nucleotides upstream from A61 that were
previously mapped (4) are required in vivo for binding eF1-�,
then the DRS supports the same function in the context of the
DEN2 3�SL, despite the lack of significant nucleotide sequence
conservation between the two ds segments. Our results show-
ing that RNAs containing lethal mutant 3�SLs were blocked

either for translation of input strands or for negative-strand
synthesis are consistent with a model whereby eF1-� is re-
quired for initiation of translation, once the 5� and 3� termini
of input virion RNAs have been brought together to form a
panhandle and/or for formation of the panhandle in the first
place. There are many other equally plausible alternative ex-
planations for our findings related to the binding of viral
and/or cellular proteins to the 3�SL. Additional work to iden-
tify proteins that bind the 3�SL under physiologic conditions in
vivo is needed.

The host-range phenotypes of WNmutF1 and WNmutC1
viruses suggested that a bulge in the bottom portion of the
3�SL was relevant to the replication competence of WN mu-
tant viruses in C6/36 cells. Both viruses replicated in BHK cells
with an efficiency similar to that of the wt parent WN virus.
However, both had a significantly enhanced ability to replicate
in C6/36 cells, reaching peak titers about 100-fold higher than
that of wt WN virus. The C1 and F1 3�SL nucleotide sequences
had in common the substitution of the lowermost 7 bp of the wt
WN long stem nucleotide sequence by the analogous domain
from the DEN2 3�SL (Fig. 1, 3A, and 8). Within the replaced
domain, the WN and DEN2 nucleotide sequences differed
primarily in that the DEN2 nucleotide sequence contained a
predicted U-U bulge defined by U4 and U76 in the DEN2 3�SL
and the WN virus nucleotide sequence did not. Although the
WNmutC1 3�SL underwent spontaneous mutation associated
with repeated passaging of C1 virus, the U4-U76 bulge was
conserved in the resulting stable C1b 3�SL, although shifted in
position by one base-pair (Fig. 3B).

WNmutF1 RNA can be contrasted with DEN2mutF RNA
generated in the previous study of the DEN2 3�SL. In
DEN2mutF RNA, the U4-U76 bulge was abrogated, because
U4 was replaced by A, creating an A-U base pair. DEN2mutF
virus replicated only slightly less efficiently than wt DEN2 virus
in monkey kidney cells, but it was severely retarded for repli-
cation in C6/36 cells (42). When the growth phenotypes and
the secondary structures of the 3�SLs in DEN2mutF and WN-
mutF1 and C1 RNAs are compared, the combined data sug-
gest that the U4-U76 bulge was an enhancer of DEN2 and WN
virus replication specific for C6/36 cells. This could best be
explained by postulating that this bulge constitutes a binding
site for a protein (or proteins) unique to mosquito cells that
functions as part of or assists in formation of the replication
complex. Obviously, in the case of wt WN RNA, the U4/U76
bulge is not essential for replication of WN virus to “normal”
titers in C6/36 cells.

Several other studies implicate bulged residues in binding of
proteins involved in replication of viral RNAs (38). A bulged
loop of unpaired purine residues forms part of the binding site
for Q� replicase in bacteriophage Q� RNA (33). Binding to
RNA of the coat protein of the single-stranded RNA phage
PP7 is highly favored by the presence of a single bulged purine
residue (either A or G) in the context of an 8-bp hairpin (23),
and the translational operator of the phage R17 replicase gene
contains a bulged A residue that is essential for the specific
binding to R17 coat protein (40). In brome mosaic virus and
tobacco mosaic virus RNAs, 3�-terminal tRNA-like structures
are required for binding RdRp to direct minus-strand synthe-
sis. Mutations that eliminate bulges within these structures
disrupt the RdRp-RNA interaction (9, 29). Binding of the Rev
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protein to human immunodeficiency virus type 1 RNA and the
Rev responsiveness element both require a G-G bulge within a
stem-bulge-stem secondary structure. Mutational analysis sug-
gested that Rev binds specifically to the G-G bulge itself (1). In
another context, bulges in RNA were apparently necessary to
permit shifts in secondary structure required for RNA-RNA or
RNA-protein interactions at sites up or downstream from the
bulge itself (21).

ACKNOWLEDGMENTS

We thank Vladimir Yamshchikov for his generous gift of West Nile
virus infectious DNA and Barry Falgout for many helpful discussions.

REFERENCES

1. Bartel, D. P., M. L. Zapp, M. R. Green, and J. W. Szostak. 1991. HIV-1 Rev
regulation involves recognition of non-Watson-Crick base pairs in the viral
RNA. Cell 17:529–536.

2. Beasley, D. L., L. Li, M. T. Suderman, and A. D. Barrett. 2002. Mouse
neuroinvasiveness phenotype of West Nile virus strains varies depending
upon virus genotype. Virology 296:17–23.

3. Blackwell, J., and M. A. Brinton. 1996. BHK cell proteins that bind to the 3�
stem-loop structure of the West Nile virus genome RNA. J. Virol. 69:5650–
5658.

4. Blackwell, J. L., and M. A. Brinton. 1997. Translation elongation factor-1
alpha interacts with the 3� stem-loop region of West Nile virus genomic
RNA. J. Virol. 71:6433–6444.

5. Brinton, M. A., A. V. Fernandez, and J. H. Dispoto. 1986. The 3�-nucleotides
of flavivirus genomic RNA form a conserved secondary structure. Virology
153:113–121.

6. Calisher, C. H., N. Karabatsos, J. M. Dalrymple, R. E. Shope, J. S. Porter-
field, E. G. Westaway, and W. E. Brandt. 1989. Antigenic relationships
between flaviviruses as determined by cross-neutralization tests with poly-
clonal antisera. J. Gen. Virol. 70:37–43.

7. Centers for Disease Control and Prevention. 2002. Provisional surveillance
summary of the West Nile virus epidemic—United States, January-Novem-
ber 2002. Morb. Mortal. Wkly. Rep. 51:1129–1133.

8. Centers for Disease Control and Prevention. 1999. Outbreak of West Nile
virus encephalitis—New York, 1999. Morb. Mortal. Wkly. Rep. 48:845–849.

9. Chapman, M. R., and C. C. Kao. 1999. A minimal RNA promoter for
minus-strand RNA synthesis by the brome mosaic virus polymerase complex.
J. Mol. Biol. 286:709–720.

10. Chen, C.-J., M.-D. Kuo, L.-J. Chien, S.-L. Hsu, Y.-M. Wang, and J.-H. Lin.
1997. RNA protein interactions: involvement of NS3, NS5, and 3� noncoding
regions of Japanese encephalitis virus genomic RNA. J. Virol. 71:3466–3473.

11. De Nova-Campo, M., N. Villegas-Sepulveda, and R. M. del Angel. 2002.
Translation elongation factor-1�, La, and PTB interact with the 3�-untrans-
lated region of dengue 4 virus RNA. Virology 295:337–347.

12. Grange, T., M. Bouloy, and M. Girard. 1985. Stable secondary structure at
the 3� end of the genome of yellow fever virus (17D vaccine strain). FEBS
Lett. 188:159–163.

13. Herold, J., and R. Andino. 2001. Poliovirus RNA replication requires ge-
nome circularization through a protein-protein bridge. Mol. Cell 7:581–591.

14. Huang, P., and M. M. C. Lai. 2001. Heterogeneous nuclear ribonucleopro-
tein A1 binds to the 3�-untranslated region and mediates potential 5�-3�-end
cross talks of mouse hepatitis virus RNA. J. Virol. 75:5009–5017.

15. Irie, K., P. M. Mohan, Y. Sasaguri, R. Putnak, and R. Padmanabhan. 1989.
Sequence analysis of cloned dengue virus type 2 genome (New Guinea C
strain). Gene 75:197–211.

16. Ito, T., and M. M. Lai. 1997. Determination of the secondary structure of
and cellular protein binding to the 3�-untranslated region of the hepatitis C
virus RNA genome. J. Virol. 71:8698–8706.

17. Khromykh, A. A., M. T. Kenney, and E. G. Westaway. 1998. trans-Comple-
mentation of flavivirus RNA polymerase gene NS5 by using Kunjin virus
replicon-expressing BHK cells. J. Virol. 72:7270–7279.

18. Khromykh, A. A., P. L. Sedlak, and E. G. Westaway. 1999. trans-Comple-
mentation of the flavivirus Kunjin ns5 gene reveals an essential role for
translation of its N-terminal half in RNA replication. J. Virol. 73:9247–9255.

19. Khromykh, A. A., P. L. Sedlak, and E. G. Westaway. 2000. cis- and trans-
acting elements in flavivirus RNA replication. J. Virol. 74:3253–3263.

20. Khromykh, A. A., N. Kondratieva, J. Sgro, A. Palmenberg, and E. G. West-

away. 2003. Significance in replication of the terminal nucleotides of the
Flavivirus genome. J. Virol. 77:10623–10629.

21. Kolb, F. A., E. Westhof, C. Ehresmann, E. G. Wagner, and P. Romby. 2001.
Bulged residues promote the progression of a loop-loop interaction to a
stable and inhibitory antisense-target RNA complex. Nucleic Acids Res.
29:3145–3153.

21a.Kummerer, B. M., and C. M. Rice. 2002. Mutations in the yellow fever virus
nonstructural protein NS2A selectively block production of infectious par-
ticles. J. Virol. 76:4773–4784.

22. Lanciotti, R. S., J. T. Roehrig, V. Deubel, J. Smith, et al. 1999. Origin of the
West Nile virus responsible for an outbreak of encephalitis in the northeast-
ern United States. Science 286:2333–2337.

23. Lim, F., and S. Peabody. 2002. RNA recognition site of PP7 coat protein.
Nucleic Acids Res. 30:4138–4144.

24. Lindenbach, B. D., and C. M. Rice. 2001. Flaviviridae: the viruses and their
replication, p. 991–1041. In D. M. Knipe, P. M. Howley, D. E. Griffin, R. A.
Lamb, M. A. Martin, B. Roizman, and S. E. Straus (ed.), Fields virology, 4th
ed. Lippincott Williams & Wilkins, Philadelphia, Pa.

25. Matzura, O., and A. Wennborg. 1996. RNAdraw: an integrated program for
RNA structure calculation and analysis under 32-bit Microsoft Windows.
Comput. Appl. Biol. Sci. 12:247–249.

26. Men, R., M. Bray, D. Clark, R. M. Chanock, and C.-J. Lai. 1996. Dengue
type 4 virus mutants containing deletions in the 3� noncoding region of the
RNA genome: analysis of growth restriction in cell culture and altered
viremia pattern and immunogenicity in rhesus monkeys. J. Virol. 70:3930–
3937.

27. Mohan, P. M., and R. Padmanabhan. 1991. Detection of stable secondary
structure at the 3� terminus of dengue virus type 2 RNA. Gene 108:185–191.

28. Nakhasi, H. L., T. A. Rouault, D. J. Haile, T. Y. Liu, and R. D. Klausner.
1990. Specific high affinity binding of host cell proteins to the 3� region of
rubella virus RNA. New Biol. 2:255–264.

29. Osman, T. A., C. L. Hemenway, and K. W. Buck. 2000. Role of the 3�
tRNA-like structure in tobacco mosaic virus minus-strand RNA synthesis by
the viral RNA-dependent RNA polymerase in vitro. J. Virol. 74:11671–
11680.

30. Pogue, G. P., J. Hofmann, R. Duncan, J. M. Best, J. Etherington, R. D.
Sontheimer, and H. Nakhasi. 1996. Autoantigens interact with cis-acting
elements of rubella virus RNA. J. Virol. 70:6269–6277.

31. Rice, C. M., E. M. Lenches, S. R. Eddy, S. J. Shin, R. L. Sheets, and J. H.
Strauss. 1985. Nucleotide sequence of yellow fever virus: implications for
flavivirus gene expression and evolution. Science 229:726–735.

32. Sampathkumar, P. 2003. West Nile virus: epidemiology, clinical presenta-
tion, diagnosis, and prevention. Mayo Clin. Proc. 78:1137–1143.

33. Schuppli, D., G. Miranda, S. Qiu, and H. Weber. 1998. A branched stem-
loop structure in the M-site of bacteriophage Q� RNA is important for
template recognition by Q� replicase holoenzyme. J. Mol. Biol. 283:585–593.

34. Shi, P.-Y., M. Brinton, J. M. Veal, Y. Y. Zhong, and W. D. Wilson. 1996.
Evidence for the existence of a pseudoknot structure at the 3� terminus of
the flavivirus genomic RNA. Biochemistry 35:4222–4230.

35. Sikorski, R. S., and P. Heiter. 1989. A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Saccharomyces
cerevesiae. Genetics 122:19–27.

35a.Stern, S., R. C. Wilson, and H. F. Noller. 1986. Location of the binding site
for protein S4 on 16 ribosomal RNA by chemical and enzymatic probing and
primer extension. J. Mol. Biol. 192:101–110.

36. Ta, M., and S. Vrati. 2000. Mov34 protein from mouse brain interacts with
the 3� noncoding region of Japanese encephalitis virus. J. Virol. 74:5108–
5115.

37. Tan, B. H., J. Fu, R. J. Sugrue, E. H. Yap, Y. C. Chan, and Y. H. Tan. 1996.
Recombinant dengue type 1 virus NS5 protein expressed in Escherichia coli
exhibits RNA-dependent RNA polymerase activity. Virology 216:317–325.

38. Weeks, K. M., and D. M. Crowthers. 1991. RNA recognition by Tat derived
peptides: interaction with the major groove? Cell 66:577–588.

39. Wengler, G., and E. Castle. 1986. Analysis of structure properties which
possibly are characteristic for the 3�-terminal sequence of the genome RNA
of flaviviruses. J. Gen. Virol. 67:1183–1188.

40. Wu, H.-N., and O. C. Uhlenbeck. 1987. Role of a bulged A residue in a
specific RNA-protein interaction. Biochemistry 26:8221–8227.

41. Yamshchikov, V. F., G. Wengler, A. A. Perelygin, M. A. Brinton, and R. W.
Compans. 2001. An infectious clone of the West Nile flavivirus. Virology
281:294–304.

42. Zeng, L., B. Falgout, and L. Markoff. 1998. Identification of specific nucle-
otide sequences within the conserved 3�-SL in the dengue type 2 virus
genome required for replication. J. Virol. 72:7510–7522.

2324 YU AND MARKOFF J. VIROL.


